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Abstract
Effects of some methodological factors on in vitro measures of gas production (GP, mL/g DM), CH4 production
(mL/g DM) and proportion (% CH4 on total GP) were investigated by meta-analysis. These factors were considered:
pressure in the GP equipment (0 = constant; 1 = increasing), incubation time (0 = 24; 1 = ≥ 48 h), time of rumen fluid
collection (0 = before feeding; 1 = after feeding of donor animals), donor species of rumen fluid (0 = sheep; 1 =
bovine), presence of N in the buffer solution (0 = presence; 1 = absence), and ratio between amount of buffered
rumen fluid and feed sample (BRF/FS; 0 = ≤ 130 mL/g DM; 1 = 130–140 mL/g DM; 2 = ≥ 140 mL/g DM). The NDF
content of feed sample incubated (NDF) was considered as a continuous variable. From an initial database of 105
papers, 58 were discarded because one of the above-mentioned factors was not stated. After discarding 17 papers,
the final dataset comprised 30 papers (339 observations). A preliminary mixed model analysis was carried out on
experimental data considering the study as random factor. Variables adjusted for study effect were analyzed using a
backward stepwise analysis including the above-mentioned variables. The analysis showed that the extension of
incubation time and reduction of NDF increased GP and CH4 values. Values of GP and CH4 also increased when
rumen fluid was collected after feeding compared to before feeding (+26.4 and +9.0 mL/g DM, for GP and CH4),
from bovine compared to sheep (+32.8 and +5.2 mL/g DM, for GP and CH4), and when the buffer solution did not
contain N (+24.7 and +6.7 mL/g DM for GP and CH4). The increase of BRF/FS ratio enhanced GP and CH4
production (+7.7 and +3.3 mL/g DM per each class of increase, respectively). In vitro techniques for measuring GP
and CH4 production are mostly used as screening methods, thus a full standardization of such techniques is not
feasible. However, a greater harmonization of analytical procedures (i.e., a reduction in the number of available
protocols) would be useful to facilitate comparison between results of different experiments.
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Introduction
In recent years in vitro gas production (GP) technique has
been applied routinely to evaluate the nutritional value of
ruminant feeds. The most diffused techniques were de-
signed to measure GP from feed samples incubated in
glass syringes at atmospheric pressure [1] or in fermenta-
tion vessels where gas is measured over the whole incuba-
tion time [2] or regularly vented at fixed times [3] or at
fixed pressure [4, 5]. More recently, such equipment has
been adapted to determine the composition of gases, par-
ticularly methane (CH4) produced from in vitro rumen
fermentation [6–8]. The current literature [9, 10] encom-
passes reviews which explored the effect of various factors
influencing in vitro GP values, as procedures used to
collect and to treat rumen fluid [11], the composition of
the buffer [12], the type of GP equipment [13–15] and the
ratios between fermentation fluid and feed sample size [8].
On the contrary, to our knowledge, no literature reviews
have been produced to investigate factors affecting CH4
measures obtained in vitro.
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The objective of the present study was to evaluate fac-
tors affecting in vitro GP and CH4 production by means
of the meta-analysis approach.
Materials and methods
Literature search
An as wide as possible literature search was conducted
using search generators of public data (i.e. Web of
knowledge, Google scholar, Science direct, and Scopus)
and contacts with researchers working in this field, to find
scientific papers reporting data of gas and CH4 production
obtained from in vitro fermentation of feeds or diets
commonly used for ruminants. The web searches were
conducted using the following keywords in different
combinations: in vitro technique, rumen fermentation, gas
production, methane production and ruminants.
Factors selected
The search strategy aimed at selecting articles focusing
on the study of specific factors known to exert notable
effects on in vitro gas and CH4 production. Specifically,
the following factors were considered: the pressure in
the GP equipment used, the incubation time, the collec-
tion time of rumen fluid, the donor species, the presence
or absence of N in the buffer solution added to the
rumen fluid, the NDF content of incubated feed samples,
the amount of buffer solution (B), the amount of rumen
fluid (RF), and the amount of feed sample incubated
(FS). The correction of in vitro data for “blank” samples,
despite its relevance, was not considered as most papers
did not provide this information. The chemical compos-
ition of diet fed to animals used as donors of rumen
fluid was not taken into account because of huge vari-
ability among studies. In any case, the review of [10] in-
dicated that the diet of donor animals does not have a
significant effect on in vitro GP, provided that it is able
to enhance a sufficient microbial activity to sustain GP.
This prerequisite is commonly ensured in all studies.
Agitation (or not) of bottles during the incubation was
not taken into account because this factor has been
reported as having minor effects on in vitro GP [10].
Moreover, this information is absent in many of the con-
sidered manuscripts.
Inclusion and exclusion of literature for the study and
building of the starting dataset
A total of 105 scientific papers were identified and initially
screened for acceptability by checking if all publications
reported the above-mentioned information. To be in-
cluded in the database, papers had to report all values
of GP, CH4, and CH4 proportion on total GP (% CH4
on total GP), or at least two of them, so that the third
variable could be calculated. Results of studies carried out
by using continuous (i.e. dual flow) or semi-continuous
(i.e. RUSITEC®) GP equipment were not considered in the
study. Experiments conducted using alternative inocula
(i.e. faeces) instead of rumen fluid were excluded from the
database, as well as studies that did not declare the time
of rumen fluid collection. After discarding 58 out of the
105 papers (Table 1), a starting dataset was built consider-
ing 47 articles published over the last 12 yr, accounting for
a total of 393 observations (Table 2). Such observations in-
cluded only control treatments, defined as feeds or diets
incubated alone. Observations referred to effects of addi-
tives on in vitro GP and CH4 production were not consid-
ered, to avoid possible further confounding effects due to
the presence of such compounds. In the dataset some un-
published data of completed studies were included [15].
Data harmonization
Because of the heterogeneity in GP and CH4 values re-
ported among publications, data were adjusted to a uni-
form scale. All GP data were transformed to mL per gram
of incubated DM. Likewise CH4 values were converted
and expressed in terms of total CH4 production (mL per
gram of incubated DM) and as a proportion of total GP
(mL per 100 mL of total GP). When not otherwise speci-
fied, the weight of the sample was considered as fed (on a
wet basis). To reconcile the weight of a feed sample into g
of incubated DM, values were corrected using the DM
content of each sample. When DM was not indicated, a
value of DM equal to 920 g/kg was used, corresponding to
the general DM mean content of feed samples included in
the dataset. When papers presented GP and CH4 values in
terms of moles, a correction was adopted using Gay-
Lussac’s law, assuming that 1 mol was equivalent to 25.6 L
of gas under atmospheric pressure and temperature con-
ditions of GP equipment (39 °C). In the case of [16], 1 mol
of gas was considered to be equivalent to 25.4 L, as indi-
cated by the authors. To convert values of GP and CH4
expressed as mL per gram of OM, the DM and ash con-
tents of feed samples were considered. When CH4 values
were expressed in mg/g, these values were converted into
mL using Gay-Lussac’s law and considering the molecular
weight of CH4. When CH4 values were expressed as
mmol/L, they were reconciled considering Gay-Lussac’s
law and GP values; when CH4 data were expressed as
mL/L they were reconciled considering only values of GP.
Evaluation of the preliminary dataset (47 papers; 393
observations)
Variables such as the pressure in the GP equipment used
(constant vs. increasing; 162 vs. 231 observations, re-
spectively), the incubation time (≤24 vs. ≥ 48 h; 297 vs.
96 observations, respectively), the collection time of
rumen fluid (before or after feeding of donor animals;
224 vs. 169 observations, respectively), the donor species
(sheep vs. bovine; 77 vs. 316 observations, respectively),
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and the presence of N in the buffer solution (presence vs.
absence; 331 vs. 62 observations, respectively) were all
coded as dichotomous variables, i.e., 0 or 1 in respective
order. Syringes and vented bottles were considered as
equipment working at constant pressure, whereas closed
bottles were considered as apparatus operating at in-
creasing pressure. Data of rumen fluid obtained at
slaughterhouse were considered as collected before
feeding and, thus, coded as 0. The actual NDF content
of feed sample (426 ± 168.5 g/kg), the amount of buffer
(35.3 ± 11.79 mL), the amount of rumen fluid (13.9 ±
5.34 mL), and the amount of feed sample incubated
(0.41 ± 0.170 g DM) were initially treated as possible
continuous variables. The NDF content of feeds was the
only chemical constituent considered because: i) it was
the only analytical measure reported by all scientific pa-
pers taken into account; ii) the NDF fraction is commonly
considered a good descriptor of fermentation properties
of feeds and/or diets [17] and it is strictly related with gas
and CH4 production [18].
Two preliminary analyses of data were carried out.
The first aimed at investigating the best classification
system for the incubation time variable. Two classes of
incubation time (24 or ≥ 48 h) were chosen as the final
outcome of the first preliminary investigation. The sec-
ond analysis was carried out to test the possibility of
treating as continuous variables the amounts of buffer,
rumen fluid, and feed sample used for in vitro tests. Be-
cause of their low variability within experiment, the
three variables were not run separately in the statistical
model, but they were included as the ratio between the
buffered rumen fluid (mixture of buffer solution and
rumen fluid) and the feed sample, here defined as the
Table 1 List of references excluded from the meta-analysis.
Additional file 1
References Reason for exclusion
Salem, 2012 Only gas production was measured
Abarghuei et al., 2014
Rodrigues et al., 2014
Salem et al., 2014
Elghandour et al., 2015
Lavrencic et al., 2015
Rojas Hernandez et al., 2015
Rossi et al., 2001 Only methane (CH4) production data
were reported and not the total gas
production (GP) or CH4 proportion on
total GP (% CH4 on total GP)
Wallace et al., 2006
Wood et al., 2009
Becker and van Wikselaar, 2011
Cao et al., 2012
Castro-Montoya et al., 2012
Poulsen et al., 2012
O’Brien et al., 2013
Rira et al., 2015
Aemiro et al., 2016
Lovett et al., 2004 At least one investigating factor was
missing
Hu et al., 2005
Tavendale et al., 2005
Lovett et al., 2006
Patra et al., 2006
Hassim et al., 2010
Kamalak et al., 2011
Sun et al., 2011
Baraka and Abdl-Rahman, 2012
Blanco et al., 2012
Banik et al., 2013
Kim et al., 2013
Lin et al., 2013
Naumann et al., 2013
Durmic et al., 2014
Nanon et al., 2014
Castagnino et al., 2015
Cobellis et al., 2015
Copani et al., 2015
Jayanegara et al., 2015
Liu et al., 2015
Pirondini et al., 2015
Qiao et al., 2015
Rajkumar et al., 2015
Saminathan et al., 2015
Theart et al., 2015
Table 1 List of references excluded from the meta-analysis.
Additional file 1 (Continued)
Serment et al., 2016
Anele et al., 2011 Methane production data were
indirectly predicted
Zhang et al., 2011
Meale et al., 2012 Methane production data were
indirectly predicted
Pang et al., 2014
Polyorach et al., 2014
Gemeda and Hassen, 2015
Ungerfeld et al., 2007 Control data of feed sample treatment
were missing
Hart et al., 2008
Wang et al., 1998 GP and methane data were obtained
using continuous or semi-continuous
apparatusAmelchanka et al., 2010
Soliva et al., 2011
Williams et al., 2011
Li et al., 2013
Wischer et al., 2013
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Table 2 List of preliminary references considered with their respective description of factors selected as possible sources of variation
on total gas production (GP), methane (CH4) production and proportion (% CH4 on total GP) (n = 393 observations, 47 papers).
Additional file 2
References Na Pressureb Incubation
timec, h
Donor speciesd Collection timee N bufferf NDF,
g/kgg
B, mLh RF, mLi FS, g DMj
Lila et al., 2003 6 increasing 6; 24 bovine before feeding yes 0-473 20 10 0.18
Lila et al., 2004 1 increasing 6 bovine before feeding yes 466 20 10 0.18
Getachew et al., 2005 28 constant 6; 24; 48; 72 bovine after feeding yes 250-315 20 10 0.18
Longo et al., 2006 8 constant 24 sheep before feeding yes 240-769 50; 80 20; 25 0.46-0.92
Bodas et al., 2008 11 increasing 24 sheep before feeding yes 450 40 10 0.55
Garcia-Gonzales et al., 2008a 2 increasing 24 sheep before feeding yes 440 40 10 0.45
Garcia-Gonzales et al., 2008b 1 increasing 24 sheep before feeding yes 386 40 10 0.52
Macheboeuf et al., 2008 8 increasing 16 sheep before feeding no 262 25 15 0.37
Soliva et al., 2008 26 constant 24 bovine before feeding yes 254-583 10 20 0.28
Holtshausen et al., 2009 1 increasing 24 bovine after feeding no 347 15 5 0.50
Martínez et al., 2010 8 constant 8; 24 sheep before feeding yes 374-499 32 8 0.37
Sallam et al., 2010 3 increasing 24 sheep before feeding no 547-616 50 25 0.46
Xu et al., 2010 15 increasing 24 bovine after feeding yes 126-749 42 8 0.55
Araujo et al., 2011 1 increasing 16 sheep before feeding yes 203 50 25 0.46
Avila et al., 2011 1 increasing 48 bovine after feeding no 385 18 6 0.50
Guglielmelli et al., 2011 5 increasing 48 bovine slaughterhouse no 391-523 74 5 0.93
Lee et al., 2011 2 increasing 24 bovine before feeding yes 116-451 40 10 0.43-0.45
Navarro-Villa et al., 2011a 27 increasing 24 bovine before feeding yes 187-871 33-43 7-16 0.28-0.64
Navarro-Villa et al., 2011b 4 increasing 24 bovine before feeding no 396-498 40 10 0.46
Pellikaan et al., 2011 11 increasing 72 bovine after feeding yes 25-648 40 20 0.45-0.48
Purcell et al., 2011a 9 increasing 24 bovine before feeding no 351-426 40 10 0.46
Purcell et al., 2011b 7 increasing 24 bovine before feeding no 458-643 40 10 0.46
Theodoridou et al., 2011 4 increasing 24 sheep before feeding no 253-526 26.6 13.3 0.55
Zhang and Yang, 2011 1 constant 48 bovine after feeding yes 524 50 25 0.46
Amaro et al., 2012 1 increasing 24 bovine slaughterhouse yes 383 33 17 0.39
Carrasco et al., 2012 1 increasing 17 bovine slaughterhouse no 179 32 8 0.40
Garcia-Gonzales et al., 2012 1 increasing 12 sheep after feeding yes 0 40 10 0.46
Hassanat et al., 2012 1 increasing 24 bovine after feeding no 331 17 3 0.18
Pirondini et al., 2012 2 increasing 24 bovine before feeding yes 321-492 20 10 0.23
Ramin and Huhtanen, 2012 4 constant 48 bovine after feeding no 570 48 12 0.29-1.15
Boguhn et al., 2013 8 constant 24 sheep; bovine before feeding no 375-398 20 10 0.11
Geerkens et al., 2013 3 constant 24 bovine before feeding no 169-520 20 10 0.11
Hansen et al., 2013 1 constant 48 bovine before feeding yes 465 60 30 0.46
Narvaez et al., 2013 3 increasing 48 bovine after feeding no 372 27 13 0.46
Patra and Yu, 2013a 1 increasing 24 bovine after feeding yes 292 30 10 0.37
Patra and Yu., 2013b 2 increasing 24 bovine after feeding yes 290-416 30 10 0.37
Ramin et al., 2013 32 constant 24; 48 bovine after feeding yes 249-613 40 20 0.46
Tuyen et al., 2013 4 increasing 48 bovine after feeding yes 714-929 40 20 0.42-0.52
Bezabih et al., 2014 58 increasing 24; 72 bovine after feeding yes 184-684 40 20 0.46
Cattani et al., 2014 20 increasing
constant
24 bovine before feeding yes 106-591 40 20 0.36-0.38
Elghandour et al., 2014 4 increasing 72 bovine before feeding yes 459-557 40 10 0.92
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BRF/FS ratio. This choice was further motivated by the
fact that this ratio has a relevant effect on in vitro GP
and GP kinetics [10, 19]. In the present study the BRF/FS
ratio was coded into three classes (<130 vs. 130–140
vs. > 140 mL/g DM; 173, 105, and 115 observations,
respectively) as 0 or 1 or 2, in respective order.
Data cleansing to obtain the final dataset
The final dataset submitted to the statistical analysis
accounted for only 339 (corresponding to 30 scientific
papers) out of the 393 initial observations. Firstly, 26 ob-
servations were excluded as they were obtained using an
incubation time shorter than 24 h. After that, according
to the indications suggested by [20] for meta-analysis,
other 28 observations were discarded as: i) the continu-
ous variable considered (NDF) was constant in the study
(20 observations); and ii) studies accounted for a single
observation (8 observations).
Statistical analysis
The latter dataset was analyzed using a mixed model ana-
lysis accounting for the random study effect, with the
scope of eliminating possible confounding effects due to
differences within and across studies, as suggested by [20].
To overcome a possible over-parameterization of the
mixed model, a first analysis accounting for the random
study effect via the PROC MIXED of SAS [21] was carried
out, considering a variance component (TYPE = VC) co-
variance structure [20]. To take into account the different
accuracies among studies as well, all dependent variables
were weighed by the inverse of the squared standard error
divided by the mean of all the squared standard errors,
as suggested by [20]. At a later stage, data of GP and
CH4, adjusted for the heterogeneity due to different
studies, i.e., study effect [20], were analyzed using the
backward elimination technique [22] of SAS (PROC
REG; [21]). The exit level for each variable, i.e., the
threshold of significance for excluding a variable from
the model, was set at P > 0.10. Multi-collinearity among
predictor variables was analyzed through the variance
inflation factor (VIF). According to [23], the multi-
collinearity can be considered not significantly inflated
when the VIF is lower than 10. The collinearity among
explanatory variables included in the multivariate stepwise
analysis, was calculated in terms of minimum condition
index, to exclude the presence of dependencies (i.e., com-
mon variance explained) among the considered variables.
According to [24], there are no dependencies when the
minimum condition index is lower than 30.
Description of the preliminary dataset (47 papers; 393
observations)
The list of references excluded from the meta-analysis
and the reasons for exclusion are given in Table 1. The
references entering the preliminary dataset and the corre-
sponding description of factors are listed in Table 2. In
most of the experiments (32 out of a total of 47), fermen-
tations occurred in conditions of increasing pressure, and
gas was accumulated into the GP system during the incu-
bation; 14 studies were conducted at constant pressure, by
a regular venting of fermentation gases, whereas one study
applied both constant and increasing pressure. The major-
ity of the in vitro experiments (27) were stopped at 24 h;
in 5 studies, fermentations lasted less than 24 h, whereas
10 studies used an incubation time ≥ 48 h. In 5 researches,
different incubation times were compared. Rumen fluid
used for in vitro tests was preferentially collected from bo-
vine (34 studies), whereas 12 experiments used sheep as
donors. One study compared rumen fluid collected from
sheep or bovine. In most of the cases rumen fluid was
Table 2 List of preliminary references considered with their respective description of factors selected as possible sources of variation
on total gas production (GP), methane (CH4) production and proportion (% CH4 on total GP) (n = 393 observations, 47 papers).
Additional file 2 (Continued)
Kim et al., 2014 2 increasing 24 bovine after feeding yes 137-519 80 20 0.28
O’Brien et al., 2014 22 increasing 24 bovine before feeding yes 326-426 40 10 0.46
Pal et al., 2014 8 constant 24 sheep before feeding yes 401-518 20 10 0.18
Hatew et al., 2015 4 constant 24 bovine before feeding yes 378-441 40 20 0.46
Pal et al., 2015 18 constant 24 sheep before feeding yes 266-523 20 10 0.18
Ramin et al., 2015 3 constant 48 bovine after feeding yes 239-570 40 20 0.93
aN = number of observations per article
bPressure = pressure produced in the GP equipment used
cIncubation time = duration of incubation
dDonor species = donor species of rumen fluid
eCollection time = origin of rumen fluid: if it was collected before (before feeding or at slaughterhouse) or after feeding of donor animals
fN buffer = presence of N in the buffer solution
gNDF, g/kg = actual NDF content of feed samples used
hB, mL = buffer incubated
iRF, mL = rumen fluid incubated
jFS, g DM = feed sample incubated
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collected before feeding of donor animals (before feeding
in 27 studies; at slaughterhouse in 3 studies); however,
in a relevant number of cases (i.e., 17 studies) rumen
fluid was collected after feeding of donors. In a large
number of experiments (32 out of a total of 47), rumen
fluid was mixed with a buffer solution containing N.
The NDF content of feed samples incubated showed a
high variability, ranging from a very low (0 g/kg, for po-
tato starch and corn starch) to an extremely high value
(929 g/kg, for sugarcane bagasse). With the exception
of two studies Additional file 1: (Longo et al., 2006;
Navarro-Villa et al., 2011a), the amounts of buffer and
rumen fluid used in the study presented no variability,
whereas in 7 papers different amounts of feed sample
were tested.
Results
Description of the final dataset (30 papers; 339
observations)
The mean and standard deviation (s.d.) values of in vitro
GP, CH4 production and proportion, obtained consider-
ing the final dataset, are given in Table 3.
Table 4 shows the mean and s.d. values of in vitro GP
(mL/g DM), CH4 production (mL/g DM) and CH4
Table 3 Means and standard deviation (s.d.) of total gas production (GP), methane (CH4) production and proportion (% CH4 on total
GP) of the 339 observations belonging to 30 reference used for the final analysis. Additional file 2
References No. a GP, mL/g DM CH4, mL/g DM CH4, % on total GP
mean s.d. mean s.d. mean s.d.
Lila et al., 2003 3 200 31.0 76.0 23.26 37.6 6.05
Getachew et al., 2005 21 235 20.9 53.8 15.65 22.6 5.20
Longo et al., 2006 8 131 70.5 24.8 17.33 18.0 4.14
Soliva et al., 2008 26 129 49.5 15.0 10.46 10.6 3.72
Martínez et al., 2010 4 480 17.7 45.2 5.41 9.4 0.78
Sallam et al., 2010 3 72 33.8 7.3 3.61 10.1 0.61
Xu et al., 2010 15 163 75.5 16.9 3.90 12.1 4.51
Guglielmelli et al., 2011 5 141 16.6 24.5 5.23 17.3 2.32
Lee et al., 2011 2 194 65.8 23.8 8.27 12.3 0.07
Navarro-Villa et al., 2011a 27 141 59.9 20.5 8.78 14.8 2.58
Navarro-Villa et al., 2011b 4 158 14.5 35.3 1.80 22.4 0.95
Pellikaan et al., 2011 11 276 70.7 47.3 9.65 17.5 2.22
Purcell et al., 2011a 9 183 7.7 25.1 1.04 13.7 0.36
Purcell et al., 2011b 7 171 17.5 31.3 3.45 18.3 0.48
Theodoridou et al., 2011 4 133 5.3 33.0 6.60 24.5 4.49
Pirondini et al., 2012 2 243 40.3 40.3 5.73 16.6 0.35
Boguhn et al., 2013 8 292 17.9 44.2 5.53 15.1 1.42
Geerkens et al., 2013 3 307 52.4 50.7 9.29 16.5 0.41
Patra and Yu., 2013b 2 191 12.5 77.5 4.60 40.6 5.09
Ramin et al., 2013 32 223 77.5 36.2 9.83 16.9 3.03
Tuyen et al., 2013 4 95 41.8 17.6 7.17 19.1 2.39
Bezabih et al., 2014 58 200 39.5 41.9 11.91 20.9 4.19
Cattani et al., 2014 20 192 77.6 23.0 8.03 12.3 1.28
Elghandour et al., 2014 4 224 51.8 17.0 7.62 7.4 2.91
Kim et al., 2014 2 337 120.4 22.0 9.22 6.4 0.43
O’Brien et al., 2014 22 201 2.8 34.1 4.56 17.0 2.19
Pal et al., 2014 8 147 22.5 35.1 6.55 24.5 6.37
Hatew et al., 2015 4 312 23.8 54.5 5.78 17.5 0.63
Pal et al., 2015 18 101 33.3 11.5 2.57 12.2 3.11
Ramin et al., 2015 3 275 43.7 36.5 5.97 13.3 0.46
aNo. = number of observations per article
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proportion on total GP for the different possible sources
of variation taken into account for the 30 literature pa-
pers considered in the meta-analysis. The use of GP sys-
tems working at constant pressure (with gas venting),
incubation time ≥ 48 h, rumen fluid collected from bo-
vine after feeding, and a BRF/FS ratio included between
130 and 140 mL/g DM, determined an increase of GP
values. Measures of CH4 were higher with incubation
time ≥ 48 h, with rumen fluid collected after feeding of
donor animals, and with a BRF/FS ratio > 140 mL/g
DM. When CH4 data were expressed as proportion on
total GP, values resulted greater at increasing pressure
(+12.1 % compared to constant pressure) and at increas-
ing incubation times (+29.5 % with time ≥ 48 h com-
pared to 24 h), when collection of rumen fluid was
performed after feeding (+25.8 % compared to before
feeding), and when BRF/FS was > 140 mL/g DM
(+30.6 % and +12.9 %, compared to BRF/FS < 130 and
130 ≤ BRF/FS ≤ 140 mL/g DM, respectively).
Table 5 shows the predictive equations for in vitro GP
(mL/g DM), CH4 production (mL/g DM) and CH4 pro-
portion (% on total GP). The predictive equations were
the following:
GP mL=g DMð Þ ¼ 141:0 þ 7:9  IT þ 26:4
 CT þ 32:8  DS þ 24:7
 N þ 7:7  BRF=FS – 0:02
 NDF
CH4 mL=g DMð Þ ¼ 21:8 þ 4:2  IT þ 9:0
 CT þ 5:2  DS þ 6:7
 N þ 3:3  BRF=FS – 0:009
 NDF
CH4 % on total GPð Þ ¼ 15:0 þ 0:9  PR þ 1:2
 CT þ 0:7  N þ 0:3
 BRF=FS
where PR = pressure conditions in the GP system (0 =
constant; 1 = increasing); IT = incubation time (0 = 24 h;
1 = ≥ 48 h); CT = collection time of rumen fluid (0 = be-
fore feeding; 1 = after feeding of donors); DS = donor spe-
cies of rumen fluid (0 = sheep; 1 = bovine); N = nitrogen in
the buffer (0 = presence; 1 = absence); BRF/FS = buffered
rumen fluid and feed sample ratio (0 = ≤ 130 mL/g DM; 1
= 130–140 mL/g DM; 2 = ≥ 140 mL/g DM); and NDF =
NDF content of feed sample incubated (g/kg DM).
Table 4 Descriptive statistics of total gas production (GP), methane (CH4) production and proportion (% CH4 on total GP) for
the main sources of variation analyzed in the multivariate stepwise analysis after correction for the study effect (n = 339
observations, 30 papers)
Main factors Noa GP, mL/g DM CH4, mL/g DM CH4, % on total GP
mean s.d.b mean s.d. Mean s.d.
Pressure
Constant 145 198 94.4 31.8 17.94 15.7 5.76
Increasing 194 185 61.4 32.4 15.29 17.6 5.95
Incubation time, h
24 253 178 77.9 27.6 14.20 15.6 5.59
≥ 48 86 227 63.1 45.3 15.63 20.2 5.60
Collection time
Before feeding 191 174 81.5 26.3 14.58 15.1 5.47
After feeding 148 212 65.9 39.7 15.68 19.0 5.79
Donor species
Sheep 49 162 116.6 24.5 15.60 15.9 6.40
Bovine 290 195 67.7 33.4 16.29 16.9 5.85
N in the buffer
Presence 296 191 78.4 32.2 17.07 16.8 6.18
Absence 43 190 71.0 31.5 11.52 16.7 3.82
BRF/FSc
< 130 mL/g DM 134 172 77.6 25.0 12.74 14.7 5.54
130-140 mL/g DM 105 217 65.4 40.8 12.00 19.2 4.08
> 140 mL/g DM 100 187 81.5 32.5 20.17 17.0 7.02
aNo = number of observations accounted in each class
bs.d. = standard deviation of means
cBRF/FS = ratio between buffered rumen fluid and feed sample
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The values of GP and CH4 were influenced by IT (P =
0.018 and P = 0.003, for GP and CH4, respectively), CT
(P < 0.001 for both, in the same order), DS (P < 0.001
and P = 0.003, in the same order), N (P < 0.001 for both),
BRF/FS (P < 0.001 for both), and NDF (P = 0.005 for
both) (Table 5). Values of CH4 proportion were influenced
by PR (P < 0.001), CT (P < 0.001), N (P = 0.005), and BRF/
FS (P = 0.002). Values of R2 were 0.48, 0.34, and 0.27 for
GP, CH4 production and proportion, respectively.
For all analyzed factors, the maximum VIF was lower
than 10 (Table 5). The collinearity among explanatory
variables, expressed as a maximum condition index was
lower than 30, ranging from 11.11 to 11.88 (Table 5).
Predicted values of in vitro GP and CH4 production
showed a correlation of 0.90; the relationship obtained
regressing in vitro predicted CH4 production against in
vitro predicted GP produced a slope greater than 1 and a
negative intercept (Fig. 1). The correlation between pre-
dicted values of in vitro GP and CH4 proportion was
weaker (coefficient of determination, i.e., R2 = 0.45) (Fig. 2).
Discussion
General considerations
Over the last 10 years, in vitro GP technique has been
largely adopted to evaluate fermentation properties of
single feeds and diets for ruminants, as it is a fast and
cost-effective procedure [10]. Up to now, several proto-
cols of analysis are available, involving the use of differ-
ent GP equipment, several incubation times, methods of
rumen fluid collection, and different analytical proce-
dures. For these reasons, values of GP and CH4 obtained
from different in vitro experiments cannot be easily
compared. Results of the present meta-analysis confirm
Table 5 Outcome of the backward stepwise multivariate regression analysis on predicted values obtained by correcting for the
study effect and adjusting raw data for different accuraciesa of the total gas production (GP), methane (CH4) production and
proportion (% CH4 on total GP)
Items GP, mL/g DM CH4, mL/g DM CH4, % on total GP
estimate ± SE P estimate ± SE P estimate ± SE P
Intercept 141.0 ± 5.24 <0.01 21.8 ± 2.22 <0.01 15.0 ± 0.31 <0.01
Pressureb - - - - 0.9 ± 0.17 <0.01
Incubation timec 7.9 ± 3.30 0.018 4.2 ± 1.40 <0.01 - -
Collection timed 26.4 ± 3.21 <0.01 9.0 ± 1.37 <0.01 1.2 ± 0.19 <0.01
Donor speciese 32.9 ± 3.95 <0.01 5.3 ± 1.68 <0.01 - -
N in the bufferf 24.7 ± 3.86 <0.01 6.7 ± 1.64 <0.01 0.7 ± 0.23 <0.01
BRF/FSg 7.7 ± 1.59 <0.01 3.3 ± 0.67 <0.01 0.3 ± 0.10 <0.01
NDF, g/kg DMh −0.02 ± 0.007 <0.01 −0.009 ± 0.0031 <0.01 - -
Rb 0.48 0.34 0.27
Max VIFi 1.76 1.76 1.77
Max condition indexj 11.11 11.11 11.88
aAdjustment for different accuracies of measurements in different studies was carried out by weighing raw data by the inverse of the squared standard error
divided by the mean of all the squared standard errors (St-Pierre, 2001 [20])
bclass 0 = constant or class 1 = increasing pressure
cclass 0 = 24 h; class 1 = ≥ 48 h of incubation
dclass 0 = before feeding of donor animals or at slaughterhouse; class 1 = after feeding of donor animals
especies used as donor of rumen fluid; class 0 = sheep; class 1 = bovine
fclass 0 = presence; class 1 = absence of N in the buffer
gBRF/FS = (buffered rumen fluid and feed sample ratio) class 0 = <130 mL/g DM; class 1 = 130–140 mL/g DM; class 2= >140 mL/g DM)
hactual NDF content of feed sample used: treated as continuous variable
iVIF = variance inflation index. When value is less than 10, the predictor variables show no significant multicollinearity
jcollinearity index. When value is less than 30, the variables tested are independent
y = 0.30x - 23.8
R² = 0.90
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Fig. 1 Relationship between gas (GP) and methane (CH4) productions
using the predicted values obtained from the mixed model analysis
aimed to removing the study effect (i.e., the heterogeneity of variance
among studies) and considering also the correction of raw data for the
different accuracies
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that some experimental factors, which are individually
discussed in the following sub-chapters, can influence
measures of GP and CH4 obtained in vitro. However, it
also emerged that methodological factors considered in
the present meta-analysis allowed to explain only in part
the variability of GP and CH4 values. For example, the
two predictive equations obtained for in vitro measures
of GP and CH4 showed a R
2 of 0.48 and 0.34, respect-
ively. It is likely that the inclusion of a higher number of
factors in the model would have contributed to improve
the accuracy of statistical predictions. Unfortunately, this
was not possible as information about methodological
aspects and setting of the experiment (i.e., laboratory
procedures, animal and/or feed characteristics) were
often missing or not exhaustive. For instance, in the
present meta-analysis, more than half of studies com-
prised in the initial dataset (58 out of a total of 105 papers)
were discarded because they did not report any informa-
tion about one, or more, of methodological factors which
have well-known effects on in vitro GP [10]. It is quite evi-
dent that a detailed description of the experimental proce-
dures would also facilitate the comparison among results
obtained in different researches.
Pressure conditions in GP equipment
When in vitro equipment is used to measure GP and
CH4, venting of gas is recommended to avoid overpres-
sure conditions, which might disturb microbial activity
[3] and cause a partial dissolution of CO2 in the fermen-
tation fluid, thus underestimating GP measures [15].
From this meta-analysis it results that GP equipment op-
erating at increasing pressure (i.e., without gas venting)
provide, on average, lower measures of GP compared to
those working at constant pressure. In contrast, values
of CH4 proportion increased significantly when GP
systems operating at increasing pressure were used. In
this regard, [12] hypothesized that the increase of CO2
dissolved in the fermentation fluid, as result of overpres-
sure conditions, would promote activity of methanogens.
Additionally, when gas composition is analyzed, closed
systems are often preferred, to avoid complexity of col-
lecting vented gas into proper devices when open sys-
tems are used (i.e., gas-proof bags). With open systems,
gas samples are collected from headspace of bottles at
the end of incubation and analyzed for CH4 concentra-
tion [6, 7, 25]. These samples are considered to be most
representative and to provide reliable measurements of
CH4 because of the lower solubility in the fermentation
fluid of CH4 compared to CO2 [6], hence measures are
not affected by pressure changes in the bottles. Accord-
ing to this, the backward stepwise analysis did not high-
light a significant effect of pressure on values of absolute
CH4 production (mL/g DM). Differently, the CH4 propor-
tion (% CH4 on total GP) was significantly influenced by
pressure conditions in the GP system, resulting in greater
values for equipment working at increasing pressure
(closed systems). As recently observed [15], closed systems
might underestimate in vitro GP, as a part of the CO2 is
dissolved in the fermentation fluid, leading to a possible
overestimation of the CH4 proportion on the total gas.
Incubation time
The positive correlation between incubation time and
values of in vitro GP was expected and it is related to
the progressive degradation of feed sample incubated
over longer incubation times. Likewise, the significant
increase of CH4 production, in absolute terms, with the
progress of in vitro fermentations is consistent with lit-
erature. For instance, [26] found that CH4 production
(mL/g DM) of seven commercial diets for dairy cows in-
creased by 106.5 % passing from 6 to 72 h of incubation.
Similar results have been reported by [27] and by [28].
Such tendency is explained by the fact that CH4 formation
is primarily related to fermentation of fibrous fraction that
has a slower degradation rate compared to other dietary
components. Results observed from the present meta-
analysis might have been partially conditioned by the large
predominance of roughages in the dataset considered.
Nevertheless, it must be underlined that in vitro CH4 pro-
duction is often evaluated at a single incubation time, thus
less information are provided about the kinetics of CH4
formation in vitro. In this regard, only 5 of the 30 experi-
ments considered in this meta-analysis measured CH4
production at different incubation times.
Rumen fluid: collection time and donor species
Outcomes of this study showed that timing of rumen fluid
collection had an impact on in vitro GP measures. More
exactly, values of GP and CH4 production were greater
y = 0.03x + 11.7
R² = 0.45
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Fig. 2 Relationship between gas production (GP) and methane
(CH4) proportion (% CH4 on total GP) using the predicted values
obtained from the mixed model analysis aimed to removing the
study effect (i.e., the heterogeneity of variance among studies) and
considering also the correction of raw data for the different accuracies1
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when rumen fluid was collected after feeding the donor an-
imals. This result might be explained by the presence of
feed particles suspended in the rumen fluid, which can lead
to an overestimation of the actual GP. This problem could
be overcome through the incubation of blanks (bottles
containing only the buffered rumen fluid), where the GP of
rumen fluid can be determined and then used to adjust
values of GP provided by experimental treatments [29].
However, [30] observed that microbial turnover begins
more rapidly in blanks, thus they have a different GP rate
compared to other treatments. On this basis, [31] discour-
aged the adjustment of GP data by using blank values.
This meta-analysis also shows that the time of rumen
fluid collection is, to date, one of the least standardized
procedures of the in vitro GP technique. This evidence
is supported by the fact that some protocols of analysis
used worldwide involve the collection of rumen fluid be-
fore feeding of donor animals [3, 32], whereas other au-
thors suggest to feed animals before collection [2, 4]. In
this regard, [1] indicated that rumen fluid used for in vitro
tests should be collected before feeding of donor animals,
as it has a less variable composition and, therefore, a more
standardized effect on fermentations. However, the same
authors [1] specified that the interval time occurring be-
tween the feeding of donors and the collection of rumen
fluid should not exceed 16 h, to ensure a sufficient micro-
bial activity in the inoculum to sustain in vitro GP.
The largest part of in vitro experiments considered in
the present meta-analysis had been carried out using
rumen fluid collected from bovine. Results indicate that
values of GP and CH4 were greater when incubations
were conducted using rumen fluid of bovine. Effects of
donor species on in vitro GP are still uncertain, and a
univocal ranking of various rumen fluids based on GP is
not possible [10]. In recent years, several studies have
been conducted to compare bovine and sheep rumen
fluid, but results were contrasting [33–35]. However, GP
values obtained using rumen fluid from different species
might be reconciled by the appropriate use of blanks [1],
although not all authors are in agreement with the pos-
sible correction for blanks [30, 31], as mentioned above.
As a confirmation, in a ring test where rumen fluids col-
lected from bovine or sheep were used [11], correction
of GP data for the relative blank samples gave a notable
reduction of variability between laboratories.
Nitrogen in the buffer solution
The N in the buffer solution was found to be influential
on in vitro GP and gas composition. More precisely, N-
free buffers increased GP, CH4 production and proportion.
To our knowledge, there is no evidence from literature
that the buffer composition might influence CH4 mea-
sures obtained in vitro. The most experiments included in
the dataset used a buffer solution containing N. In some
cases, the composition of buffer used for in vitro tests is
related to incubated feeds [10]. For instance, some buffers
are rich in N and poor in energy sources, in order to
evaluate energy contribution of feed samples to fermenta-
tions [1, 3]. On the opposite, other buffers are N-free, with
the scope of evaluating the N contribution of high-protein
feeds to in vitro fermentations [36]. It is likely that the
buffer solution alone cannot modify in vitro GP and CH4
production in a significant way. More probably, some ef-
fects might appear when the mixture of buffer solution
and feed sample is not balanced in terms of energy and N,
thus microbial activity and growth might be impaired,
with actual consequences on the various parameters of in
vitro fermentation [10].
Ratio between buffered rumen fluid and feed sample
Beuvink and Spoelstra [19] indicated that BRF/FS ratio
must not exceed the proportion of 60 mL of buffered
rumen fluid with 0.4 g OM of feed sample, which is
136 mL/g DM. According to these authors, such ratio
can avoid the exhaustion of buffer and the drop of pH
under the threshold of 6.2, which causes a nonlinear rela-
tion between feed sample size and GP [32]. On a total of
30 papers (339 observations), only 17 papers (169 observa-
tions) reported pH values of fermentation fluids measured
at the end of incubation. Within these latter observations,
35 values were lower than the threshold of 6.2 (on average
5.98 ± 0.208; ranging from a minimum of 5.45 to a max-
imum of 6.19). However, in these experiments the drop of
pH was not perforce related to a low BRF/FS ratio. This
suggests that other factors (i.e., kind of buffer, kind of sub-
strate, ratio between buffer solution and rumen fluid)
could affect the pH trend during in vitro fermentation.
Therefore, the actual effect of the BRF/FS ratio on GP and
CH4 values is difficult to comment on. Furthermore, con-
sidering the dataset of this meta-analysis, it is evident that
BRF/FS is one of the least standardized parameters for in
vitro GP technique. Indeed, only 5 authors out of 30
followed the indications of [19], whereas 14 and 10 studies
tested, respectively, lower (<130 mL/g DM) and higher
(>140 mL/g DM) BRF/FS ratios. One study tested both
lower and higher ratios. Results of the present meta-
analysis show that the BRF/FS ratio was positively related
to in vitro values of GP, CH4 production and proportion. In
this regard, it could be hypothesized that, when the BRF/FS
ratio increases, the fermentation fluid could be more cap-
able of buffering the VFA produced from feed degradation,
promoting the release of CO2 as indirect gas [9]. This
process, in turn, would be expected to increase in vitro
values of GP. Further, buffering action and maintenance of
rumen pH would sustain the activity of methanogens,
which are sensitive to acidification conditions [37], and thus
the CH4 production might be increased.
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NDF content of feed samples
In line with our expectations, the NDF content of feeds
incubated was one of the factors that affect in vitro mea-
sures of GP. More in detail, GP and NDF values were
negatively correlated, as a high content of NDF in the
feed is usually related to a reduced DM degradability
[38] and, thus, to a low GP. For the same reason, the fi-
brous content of feeds was also negatively correlated
with the absolute amount of CH4 produced in vitro
(mL/g DM). It must be underlined that most of the data
considered in the final database of the meta-analysis
(273 out of the 339 observations) were represented by feed
samples with a high NDF content (>300 g/kg DM). Such
data distribution is likely to have increased the incidence
of the effect attributable to the NDF content. In this re-
gard, the lower absolute CH4 production (mL/g DM) of
forages compared to concentrates, mainly due to the
smaller extent of fermentation, was confirmed by several
in vitro studies [6, 7, 15, 39].
Conclusions
Results of this meta-analysis show that some meth-
odological factors can notably influence in vitro mea-
sures of GP and CH4 production. It is evident that a
full standardization of in vitro GP techniques is not
feasible, as some of these factors (i.e., GP equipment,
donor species of rumen fluid) are necessarily related to la-
boratory routine and facilities, and to the specific aim of
the experiment. In any case, a greater harmonization of
analytical procedures (i.e., a reduction in the number of
available protocols) would be useful to facilitate compari-
son between results of different experiments. Further, ex-
haustive information about analytical procedures would
be always included in the scientific papers. For instance, in
the present meta-analysis, more than half of studies were
excluded from the final dataset because they did not
report some information about laboratory procedures
and/or animal and feed characteristics that can influence
fermentation patterns and, thus, measures of GP and CH4
obtained in vitro.
Endnote
1Adjustment for different accuracies of measurements
in different studies was carried out by weighting raw
data by the inverse of the squared standard error divided
by the mean of all the squared standard errors (St-Pierre,
2001) [20].
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